The study has been intended to present some selected service-imposed issues with the transmission system of the 
tems that might be used on the Mi-24 are, depending on the combat mission to be flown, 57 mm rocket pods or anti-tank 9M17 Scorpion missiles, or conventional iron bombs.
In general, the Mi-24 is an all-metal structure, with some glass/epoxy composites applied where the material has to show transparency to electromagnetic radiation, e.g. in antenna radomes. The riveting technique has essentially been used to joint structural items of the helicopter fuselage, with some welding and bonding used to supplement the basic method. The bonded components together with the honeycomb cores have been used in structures of the main and tail rotors. The helicopter's structure has been based on the classical Igor Sikorsky's solution, i.e. the single-rotor design and a single smaller rotor mounted vertically on the left side of the tail boom, on the fin. There is one peculiarity in the helicopter structure, i.e. some distortion introduced quite on purpose. While viewing from the rear along the longitudinal axis of symmetry, one can easily note that the airframe is inclined 2 0 3' to the starboard, as is the tail boom which is not in the axis of the vertical symmetry plane and is inclined to the starboard by exactly the same angle. Similarly, the symmetry of the tail fin has been 'twisted' by the angle of 6 0 from the helicopter's symmetry axis to the right. All these distortions have been a deliberate act by the designers and resulted from different distributions of aerodynamic forces affecting the helicopter at different stages of flight. In the same way as the fuselage solid, the components of the power-providing/lifting system do not correspond to the principles of the geometric symmetry either. In front of air intakes of the TW3-117W turbine engines a special-purpose anti-dust (dust-protection) device has been mounted. All the above-mentioned features have been intended to compensate for the effects of aerodynamic forces, and hence, make the vertical take-off and level flight of the helicopter easier; they also reduce forces to be overcome by the tail-rotor thrust. 1 -engine TW3-117MT; 2 -mechanical fan; 3 -main gearbox WR-24; 4, 5, 7 -power transmission shaft; 6 -accessory gearbox; 8 -GT-40PCz6 generator [18] With some experience from operating helicopters in dry climate of high dustiness (like in Iraq and Afghanistan), one should know that much more care should be provided for the helicopter's assemblies than it is recommended for the temperate climate zone. Specific climatic features such as high temperature in the summer time (up to 55°C in shadow), high dustiness, flights performed under lower barometric pressure, etc. put forward new service challenges to electrical equipment. What contributes to the above-mentioned factors is the incredibly high, until today not experienced in Poland, flight density and dynamics of manoeuvres, both effected by tactical requirements. Intensification of all these factors turns into acceleration in ageing processes that should be identified and recognized as soon as only possible. Similar processes take place in all the systems operated in Poland, however, they are not as intense. If the cause-and-effect processes that occur under high-intensity service conditions are correctly recognised and assessed, implementation of suitable preventive actions/measures becomes quite possible. This will enable similar failures to systems in service in Poland to be successfully avoided in future.
The main gearbox WR-24 is a separate assembly in the Mi-24 propulsion system. The main gearbox together with two turbo-shaft engines TW3-117 compose the main power plant of the helicopter. The main gearbox has been intended to sum up power from both the engines and transmit it to the main-and tail-rotor shafts, proportionally to the required engine ranges, The gearbox has been furnished with two freewheeling (overrunning) clutches that automatically disengages output shafts of both or either of the engines as soon as they show rotational speed to be lower than that of the input shaft of the gearbox. The main-rotor driveshaft is in its upper portion subject to unbalanced moment of force from the main rotor (Fig. 2, item 27 ), whereas in its lower portion it is held by the lower supporting bearing of the main shaft. The bearing is forced in the outer sleeve (Fig. 2, item 31 ) being the axis of rotation of the planetary gear. Therefore, there is some significant weight in the upper portion of the main shaft, i.e. the main rotor, whereas in the lower portion of the main shaft there is no significant weight to structurally balance this system. Thus, all dynamic impacts of the rotor on the shaft are carried by the main shaft's upper bearing (Fig. 2, item  30) , the item being forced into the upper cover of the WR-24 gearbox's casing, and hence, endangered with moisture and dust penetrations, both complicating the operational process even more.
Performance of gear wheels and shafts under moments of forces at both ends of shafts remaining unbalanced is an issue of great importance, in particular with severely modulated angular velocity or dynamic impacts. It seems that the questions of dynamic balance of transmission components are approached much more carefully with US helicopters than with Russian ones. Authors have noticed extra counterweights located at many points in US helicopters, which in Russian-made platforms are not so common. Probably this may be of less importance at peace, since any local clearances and displacements of symmetry axes of any articulated joints are immediately corrected in the course of maintenance processes. These drawbacks appear only as soon as helicopters are intensively operated under severe combat conditions at high dustiness. In any piece of equipment lacking precise dynamic balance, the articulated joints polluted with fine-grained dust suffer progressively growing clearances. What then may occur is a sudden slow-down effected by the dust entering the supporting bearing from the outside. The shaft may suffer then either a torsional fracture or a bending moment. The generators gearbox, or correctly, the accessory gearbox, has been located by the helicopter designers in the middle of the helicopter's transmission (Fig. 1) , between the main and the tail (tail rotor) gearboxes. Thus, the accessory gearbox produces a considerable static and dynamic loads affecting the helicopter's transmission system between the main rotor (the main gearbox WR-24) and the tail rotor (the tail gearbox). Therefore, the accessory gearbox has been located at the most prominent point of the system linking the aerodynamic-lift generat-ing system and the flight-direction-control (the heading-maintaining) system. Any transmission interruption (cut-off) will immediately result in the helicopter's rotation around the main rotor's vertical axis as affected by the reactive force (following the Newton's 3rd law of motion). Even worse seems the fact that the accessory gearbox does not cut off the transmission totally. In Authors' opinion, the process proceeds gradually, step-by-step, throughout the entire operational time:
-modulations of the transmission shaft's rotational speed take place first and are followed by modulations of rotational speed of the tail rotor. The helicopter's flight control throughout the mission must be therefore impeded; -with the wear phenomena in progress, further internal damages/failures to the gearbox (e.g. teeth in the gear wheels getting broken off, or temporary displacements of the gear wheels' axes of rotation due to failures to bearing supports of these axes) may occur to result then in periodically broken power transmission from the WR-24 to the tail rotor. From the standpoint of aerodynamics, the pilot should sense shorter or longer jerks directed reversely to the direction of the main rotor's rotation.
Analyses of the dynamics of motion of the accessory gearbox and the wearing processes
The accessory gearbox is a specific kind of a mechanical-vibration generator, in some particular way sensitive to disturbances in the smoothness of the angular motion from the input or output. These processes get even more intense with the gearbox operating time, when due to abrasive processes the radial clearances in the rolling-element bearings and the inter-teeth clearances in the gear wheels increase. The input shaft (Fig. 3 ) which together with the rigidly joined Z66 gear wheel (63 teeth) compose one item is supported with a bearing fitted in the casing of the accessory gearbox. The other end of this shaft, i.e. the internal end of the input shaft, has been mounted inside the hollow output shaft. Thus, there is a kind of feedback between the power input and output in the gearbox. If such a system is excited with oscillations (modulations) of rotational speed from the WR-24 main gearbox, then the amplified tail-rotor oriented oscillations of rotational speed may occur. No doubt, these oscillations will produce impacts in bearings that support components of the power transmission from the accessory gearbox to the tail rotor. At the same time, modulations can also be produced by the tail rotor at the moment of changing its angle of attack (AOA). Modulations from the tail rotor or the WR-24 main gearbox can take the form of rotational-speed pulses. Depending on the pulse phase, the pulse amplitudes can be added or subtracted in the accessory gearbox. Considerably loaded is the point where the internal end of the input shaft has been fitted in the output shaft. What is going on in this node is the internal end of the input shaft rotating inside the hollow output shaft via the roller bearing of the 5-3206B3 type, with inner and outer diameters of 30 mm and 62 mm, respectively. The output shaft has been externally mounted on this bearing. The next item mounted on this shaft is a ball bearing of the 5-115 type, with the inner diameter of 75 mm and the outer diameter of 111 mm. This is the bearing that is fitted directly in the (rigid) casing of the accessory gearbox. So, between the input and the output shafts there is a kind of a 'cascade' of two bearings. Each of the bearings has its own free-vibration band: higher frequencies feature the one of a smaller diameter, whereas lower frequencies are characteristic of that of a larger diameter. This double-bearing node shows, therefore, a very wide free-vibration spectrum. Now, if any modulations from the WR-24 main gearbox and from the tail rotor, e.g. in the form of a pulse (acceleration of angular velocity), meet at the same time within such a double-bearing node, they can produce excitation of resonant frequencies of these bearings. Because of the very wide free-vibration spectrum of the two-bearings 'cascade', the time of angular-vibration damping is in this case much longer than the time needed to damp vibration of an individual bearing. If angularvelocity pulses meet too often, the excitations as those described above would overlap. Long-time resonance states of the bearings can cause the separating items get broken off (such case has been observed in the middle bearings of the SO-3 engine of the TS-11 Iskra, while tested at ITWL). This, in turn, may cause the rotating rolling elements to brush against each other. The brushing usually results in some mutual reduction in rolling velocities of rolling elements. This, in turn, may prove a potential cause of the bearings getting periodically arrested for a short time. Such phenomenon, as a group of pulses, has been observed with the FAM-C method on the TS-11 Iskra combat trainer [4] . The power of such decelerations is rather low as compared to the mechanical power from the WR-24 main gearbox. It causes, however, fast destruction of the roller bearing, among other things, fast reduction in diameters of the bearing's rolling elements (rollers). Any loss of separating elements and reductions in diameters of rolling elements may result in the loss of the eccentrity of the internal end of the input shaft. What is more, the gear train inside the accessory gearbox shows adverse dynamic structure. The accessory gearbox drives two AC generators (alternators) (angular velocity 102 rps). The driving gear wheel Z55 (55 teeth) is pressed down by two smaller gear wheels Z35 connected to axles of these generators (Fig. 3) . What results is a well-balanced power transmission system. The angular velocity reduction follows via a single gear wheel Z31 fitted in the axis of rotation of one of the generators, which drives the gear wheel Z69 mounted on the output shaft. Lack of another gear wheel opposite to the Z31 results in potential static and dynamic unbalance of the whole system -in the course of angular velocity getting modulated (e.g. in the form of the WR-24 generated rotational-speed pulses), and also, while operating under conditions featured with stable angular velocity, the Z69 gear wheel will be repelled from the Z31. In an efficiently performing accessory gearbox such phenomenon (i.e. the repulsion) is countered by the above-mentioned roller bearing in the 'cascade' of two bearings. At this point a failure to the roller bearing S2 has been assumed, however. Hence, the repulsion of the Z69 gear wheel from the axis of rotation of the Z31 is possible, since considerable (instantaneous or permanent) radial clearances may occur due to this failure. This, in turn, results in additional modulations of the rotational speed of the tail rotor and in abrasive wear of the Z31 and Z69 gear wheels. The maintenance practice shows the gear wheel of smaller diameter suffers more intense abrasive wear than that of larger diameter. The abrasive wear gives rise to considerable backlashes (clearances between mated gear teeth) which, under adverse conditions, may become so large as to interrupt (disconnect) transmission. What may prove conducive to such a situation is the skew toothing of gear wheels that can produce displacement of the Z69 gear wheel along the axle within the range of ever increasing axial clearances of the roller bearing. Such transmission interruption, or only radial movements of the Z69 gear wheel against the Z31 one may provoke the tooth roots getting undercut. It is obvious that the smaller wheel will suffer the wear-and-tear more rapidly than the greater one. At some moment, the tooth-root undercut may prove so deep as to weaken the stiffness of the tooth resulting in its break-off. Transmission interruptions will be longer and changes in the angular velocity of the tail rotor -more rapid. Vibration experienced by the accessory gearbox will also get more intense; the kinematic pair of gear wheels Z31 and Z69 will periodically transmit angular velocity in the impact-like way. The destructive processes affecting the accessory gearbox will intensify to take the form of the 'avalanche-like' wear. What may happen then is periodic rapid reduction in rotational sped of the tail rotor and considerable difficulties with maintaining the helicopter's heading.
Loss of power-transmission continuity
Possibility of interruption to (disconnection of) power transmission in rotational motion is not exclusively a property of the Mi-24's accessory gearboxes. An instance of the transmission disconnection occurred at the Mierzęcice Air Base on the MiG-21. What happened was the wear-out of a drive-shaft spline. Prior to that, several self shutdowns of the generator had been reported. Fig. 4 . The Mi-24 with broken (disconnected) power-transmission system, the damage being a consequence of some internal failure in the accessory gearbox:
1 -space from where the accessory gearbox was broken out, 2 -the skin over the maintained section of the transmission, 3 -the main rotor hub with rotor blades disassembled, 4 -the (removable) cover of the main gearbox WR-24, 5 -the tail-rotor driving power-transmission section torn out and twisted due to the impact against ground One instance of the Mi-24's power-transmission disconnection due to the break-off of several teeth in the accessory gearbox was investigated by the Authors in Afghanistan (Fig. 4) . 
Capabilities of the FAM-C method to diagnose the WR-24 main gearbox
As already mentioned, the FAM-C method has been in use for many years to diagnose various aircraft (sub)assemblies [4] . The most essential condition for the (sub)assembly to be diagnosed with the FAM-C method is that it is coupled with a built-in generator acting as a transducer. The number of generators in the Mi-24's power plant is large enough to provide for the monitoring of transmission units (Fig. 5) . Another condition for the FAM-C diagnosing process to be effective is to provide optimal resolution (k r ). This can be done by means of a suitable measurement configuration. In general, the higher is the number of pole pairs, the higher is also sensitivity. At the same time, the faster rotates the generator rotor and the slower moves the mechanism under observation, the higher is the resolution. The eccentricity defect of particular shafts generates mechanical vibration of frequency equal to that of the first harmonic of speed of shaft. As can be noted, the multiplication factor takes different values within the range of k r = 1.1 up to k r = 7.1. In the FAM-C method, the electromechanical sampling [4] is naturally synchronised with the diagnostic signal under observation. Owing to that, the error gets considerably smaller than with the classical sampling, when the Kotelnikov-Shannon condition (of the sampling theorem) has definitely to be satisfied. With the several years' experience and observations of wear-and-tear processes in aircraft power plants, the Authors have drawn the conclusion that values of k r = 7 ÷ 30 are optimal and provide the highest possible quality of the mechanical-motion mapping. Below the lower limit of this range, i.e. for k r = 1.1 ÷ 7, the defect discrimination is good, but the mapping error is considerably large (> 10%). On the other hand, for k r = 30 ÷ 50 the excess information appears. In separate columns of subsequent tables, designation of a resolution group has been included, according to the following classification: -k r < 1,1 -insufficient resolution, -k r = 1,1÷7 -good defect discrimination but considerable mapping error, -k r = 7÷30 -very good defect discrimination and only slight mapping error, -k r = 30÷50 -good defect discrimination and only slight mapping error, signs of only little excess of information, -k r = 50÷100 -considerable information excess that makes discrimination of sets difficult, -k r > 100 -very large information excess that makes discrimination of sets impossible.
With this system accepted, the Readers should be able to faster recognise diagnostic capabilities of particular generators-transducers. These diagnostic capabilities are given consideration with respect to particular kinematic links. Every kinematic link can experience many and various mechanical defects. This study covers only some selected kinematic links in the power transmission system, and only some defects thereto.
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Table 3a
Parameters Table 4a Multiplication factor of observations of selected components of the accessory gearbox of the Mi-24 with the FAM-C method, the output voltage of tachogenerator D-1M, three-phase measurement with automatic counting of half-periods The data in Tables 1 ÷ 4a prove that all significant mechanical components of the WR-24 main gearbox as well as mechanical subassemblies of the accessory gearbox may be effectively monitored with the FAM-C method, using voltages of built-in tachogenerators. In general, all the shafts should be monitored using the output voltage of the D-1M tachogenerator with three-phase measurement configuration and automatic counting of half-periods.
Less uniform is the measuring structure for the effective health monitoring of rolling-element bearings. The rolling-element bearings of the WR-24 main gearbox should be monitored with output-voltage signals 115 V, 400 Hz, emitted by the GT-40PCz6 generator:
-the upper bearing of the main shaft (Fig. 2, item 30 ) -single-phase measurement, automatic counting of half-periods, -other bearings -three-phase measurement, automatic counting of halfperiods.
The monitoring of the rolling-element bearings in the accessory gearbox requires different solutions. The bearings fitted into this assembly generate considerably higher frequencies of decelerations. Therefore, application of signal produced by the pilot exciter of the GT-40PCz6 generator is highly recommended. (The rated frequency of the pilot exciter is twice as high as that of the GT-40PCz6 generator; hence, twice as high resolution results.
Detection of the impaired upper bearing of the main shaft of the WR-24 main gearbox with the FAM-C method (based on Authors' maintenance experience)
Figs 6 and 7 show the instantaneous-frequency curves plotted for a correctly performing bearing and a damaged one, respectively. The in Fig. 7 shown curve may be termed 'the negative-pattern following curve for the upper bearing of the WR-24 main gear'. Both the curves have been plotted for measurements taken on two (2) Mi-24 helicopters [5] . For the 'positive pattern' there are 13 oscillations clearly observed per 4 revolutions of the main rotor (Fig. 6) . Hence, from relationships described in [4, formula 4.1] one can calculate the instantaneous value of the slip ratio p s = 13/(4 x 16) = 0.203. In Tab. 1 one can find the rated value of the slip ratio (for a 'perfect' bearing) p sN = 0.355. So, the upper bearing of the main shaft of the WR-24 main gearbox rotates more easily than the 'perfect' one. It probably results from the (positive) effect of vibration and some level of clearances maintained. Relationships of this kind have been found in some bearings in engine supports in the TS-11 Iskra trainers.
In the case of the 'negative pattern' there are 51 oscillations observed per 4 revolutions of the main shaft. Hence, one can calculate the instantaneous value of the slip ratio p s = 51/(4 x 16) = 0.799. This is twice the rated value of this coefficient. The work of such a bearing should be assessed as very hard.
The course of instantaneous frequency throughout the observation time interval extended up to 140 s has delivered some extra information on the level of load affecting the whole mechanical-power transmission system. For the 'positive pattern' the curve remains stable (Fig. 8) . On the other hand, for the 'negative pattern' observable are periods of instantaneous frequency (read it as rotational speed) decreasing monotonically by 1.4%. Following experience gained while diagnosing bearing nodes of engines of the TS-11 Iskra trainers [4] , it proves complex degradation of the bearing nodes.
The gearbox suffering damages after the 'negative pattern' has been inspected while disassembled. Considerable wear of the upper bearing of the main shaft of the WR-24 main gearbox has been confirmed. What is more, high-level wear has been found in other subassemblies of the main gearbox WR-24, e.g. in the planetary (epicyclic) gearbox. Abrasive wear of galvanic coatings of gear wheels was clearly evident. In two planetary stages the bearings were rotating inside their seatings due to dynamic and static loads. 
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Suggested organisational activities to extend flight safety
The hitherto collected documentation from the examination of two helicopters Mi-24, in service under varying climatic conditions (in Iraq and Afghanistan), proves the FAM-C method can be applied to effectively diagnose health (or maintenance status) of the upper bearing of the main shaft in the main gearbox WR-24. Of great significance is also capability (and practice) to analyse health/maintenance status of other structural nodes in the Mi-24's power plant. Thus, it is advisable to follow the below-mentioned activities to check health/maintenance status of the main gearbox WR-24 and the accessory gearbox: 1. To only once test these assemblies with the FAM-C method on all available helicopters Mi-24, 2. To expertly examine/test the upper bearing and other sub-assemblies of the impaired gearbox, , resulting from the damage to the power transmission train in the gearbox, has also been given consideration. Because of difficulties with carrying out a full scope of tests due to adverse weather conditions, there was no chance to look carefully at the whole cause-and-effect process. However, preliminary analysis of facts and prerequisites that occurred during the accident could be performed. This enabled investigators to forecast probable hazards resulting from, e.g. the wearing of the transmission train of Mi-24 helicopter. The essence of these hazards consists in the increased risk attributable to the intensity of operations of the Mi-24 helicopters under combat conditions as in, e.g. in Afghanistan. Operation-and maintenancededicated activities of high significance seem, therefore, fully justified. Those practised up to now result in some retardation of destructive processes going on in the transmission system. This is expected to produce some time reserve allowing of development of a diagnostic system. The Authors think that until now the issue has been treated only fragmentary. Therefore, after some time destructive processes may start to proceed twice as fast. To solve the problem, a research project has been suggested to identify both the diagnostic thresholds for the FAM-C method and improved operation/maintenance-oriented engineering activities. In Authors' opinion, implementation of such recommendations should enable the Mi-24's power transmission train to be safely operated.
The study presents both theoretical considerations and selected elements of the research and diagnostic processes followed with the suggestion to undertake suitable organisational and testing-practice based activities to prevent destruction of components of the Mi-24's transmission train, which in turn directly affects the helicopter flight safety. The FAM-C method may prove of great significance while undertaking any preventive actions. Detection and identification -with the FAM-C method -of any failure to the upper bearing of the main shaft of the WR-24 main gearbox, confirmed by means of mechanical verification are in themselves a significant step forward and a scientific success. The FAM-C method developed and patented by ITWL is a prototype solution applied to diagnose a limited range of aircraft structural components, e.g. bearing supports in the TS-11 Iskra, one-way clutches of the MiG-29, aircraft electromechanical transducers. Application of this method to monitor the Mi-24's transmission seems fully justified also for economical reasons.
